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Furan fatty acids (F-acids) were first discovered in the 1960-1970s from plant 51 seeds (Morris, Marshall, & Kella, 1966) and fresh-water fish (Glass, Krick, & Eckhardt, 52 1974), and are widely distributed in the lipids of living matter and food, with usually low 53 abundance. F-acids are potent antioxidants and radical scavengers which can protect 54 polyunsaturated fatty acids from spoilage and thus they have been classified as 55 valuable minor compounds in foodstuff (Spiteller, 2005; Vetter & Wendlinger, 2013) . A 56 lipid extract of the New Zealand Greenshell™ mussel (Perna canaliculus) displays 57 anti-inflammatory effects in animal models and in human controlled studies (Gibson & 58 Gibson, 1998; Tenikoff, Murphy, Le, Howe, & Howarth, 2005) , and some F-acids were 59 recently detected in Lyprinol ® , a lipid extract of P. canaliculus, as active compounds 60 (Wakimoto et al., 2011) . 61 Analysis of F-acids is exclusively performed by gas chromatography with flame 62 ionization detection (GC/FID) or coupled to mass spectrometry (GC/MS), which are 63 powerful tools for separation and identification of F-acid homologs in fish lipids. To 64 obtain their clear detection and unambiguous identification, both methods need prior 65 isolation and/or concentration of F-acids, as they usually exist in very low levels in fish 66 lipids (less than 1% of total fatty acids). Multidimensional GC/MS is nowadays applied 67 for identification of F-acids as methyl esters without prior separation from common 68 saturated and unsaturated straight-chain fatty acids from biological samples (Wahl, 69 Chrzanowski, Mfiller, Liebich, & Hoffmann, 1995) . The multidimensional GC/MS 70 method is a useful technique for detection of F-acids in large amounts of common fatty 71 acids, but the procedures appear to be complex for screening F-acids in biological 72 materials. In the method, the use of appropriate F-acid standards, which are not easily 73 4 available, are also essential for careful separations of F-acid-containing fractions on 74 the first GC column. 75 In the present study, using high-resolution quadrupole-time-of-flight mass 76 spectrometry (Q-TOF-MS), we have tried to specifically detect F-acids present in trace 77 to large amounts of common saturated and unsaturated fatty acids by paying attention 78 to a fact that in addition to the two carboxyl oxygen atoms in fatty acid molecules, 79 F-acids have one more oxygen atom in a furan ring. This shows that an F-acid having 80 the same nominal mass as that of a straight-chain fatty acid, such as 10,13-epoxy-11-81 methyloctadeca-10,12-dienoic acid (F2) and eicosadienoic acid (20:2), can be 82 discriminated by their exact masses (see Table 1 ). This paper describes a new method 83 for direct detection and identification of F-acids in fish oil fatty acids by using 84 reversed-phase HPLC/electrospray ionization (ESI)-Q-TOF-MS. The method is 85 standardized with a synthetic F-acid (9,12-epoxyoctadeca-9,11-dienoic acid) and 86 applied to the Japanese salmon (Oncorhynchus keta) and the New Zealand fish (hoki, 87 Macruronus novaezelandiae and school shark, Galeorhinus galeus) species. The 88 former salmon species is known to contain a series of F-acid homologs in the testis 89 (Ota & Takagi, 1991) , whereas no data have been reported for the later fish species. (Bligh and Dyer, 1959) . Fatty acid 97 methyl esters were prepared as described by Christie and Han (2010, chap. 7) with a 98 slight modification. Briefly, to the fish lipid samples (up to 10 mg) dissolved in toluene 99 (1 mL), a 0.5M sodium methoxide-methanol reagent (Supelco, Bellefonte, PA) was 100 added and the solution was kept at 50˚C for 10 min; acetic acid (0.1 mL) was then 101 added, followed by water (3 mL). The reaction products, including fatty acid methyl 102 esters and non-esterified fatty acids (free fatty acids), were extracted with 103 ether-hexane (1:1, v/v; 3 x 3 mL). After evaporation of the solvent, the free fatty acids 104 present were converted into methyl esters using ethereal diazomethane in the 105 presence of a little methanol. A synthetic F-acid methyl ester, 106 methyl-8-(5-hexyl-2-furyl)-octanoate (methyl 9,12-epoxyoctadeca-9,11-dienoate), 107 used as a reference standard, was purchased from Santa Cruz Biotechnology, Inc. The structures of F-acids commonly found in marine lipids are shown in Table 1 , 149 including the chum salmon testis lipids examined in this study. Three abbreviations 150 have been used for F-acids (Glass et al., 1974; Rahn, Sand, Krick, Glass, & Schlenk, 151 1981; Vetter et al., 2012) . In this study, the original abbreviations described by Glass et 152 al. (1974) are used. F-acids can be subdivided into two groups: one with a pentyl side 153 chain (m = 4) and another one with a propyl side chain (m = 2). The most abundant 154 F-acid in chum salmon testis lipids is known to be 155 12,15-epoxy-13,14-dimethyleicosa-12,14-dienoic acid (F6), followed by 156 12,15-epoxy-13,14-dimethyloctadeca-12,14-dienoic acid (F4) and 157 12,15-epoxy-13-methyleicosa-12,14-dienoic acid (F5); the sum of these three F-acids 158 occupies ca. 90% of total F-acids (Ota & Takagi, 1991) . A similar F-acid composition 159 was also obtained for the salmon testis lipids examined in this study using both 160 HPLC/MS and GC/MS (see Table 1 and Fig. S1 ). (calculated exact mass: m/z 293.2122), which enabled unambiguous identification of 169 the compound. The detection limit was at or below 2.3 pg when signal-to-noise (S/N) 170 was 3. As with straight-chain fatty acids, the deprotonated molecules were observed 171 for all the F-acids identified in this study, as described below. 172 The TIC of the total fatty acids prepared from the chum salmon testis lipids by Fig. 3) . These observations demonstrate that high 188 resolution Q-TOF-MS enables direct and accurate identification of F-acids existed at 189 low levels of less than 1% in total fatty acids from biological samples. by GC/FID), followed by F4 (19%, 22%) and F5 (10%, 5%) ( Table 1) . GC/FID analysis 203 of a purified F-acid fraction of salmon testis fatty acids also gave a similar profile, 204 showing F6 (61%), F4 (20%) and F5 (8.4%) as the major ones (Ota & Takagi, 1991) . 205 The TIC, EIC and mass spectrum obtained by HPLC/ESI-Q-TOF-MS also 206 suggested the occurrence of two unique F-acids having a hydroxyl or a double bond 207 conjugated to furan ring in the carboxyl side chain (Fig. 4) , that is, 208 12,15-epoxy-13,14-dimethyleicosa-10,12,14-trienoic acid (C 22 Subsequently, the present method was applied to some New Zealand fish oils, in 227 which F-acids had previously not been known to exist, and we found for the first time 228 several F-acid homologs in the roe and liver oils of two edible fish, hoki and school 229 shark. In the hoki roe oil (Fig. 5, upper panel) and school shark liver oil (Fig. 5, lower   230 panel), F2, F4, F5, and F6 were the main F-acids; these profiles were similar to those 231 of the salmon F-acids (see Fig. 3 ), while the hoki liver oil contained F2 and F5 as the 232 major ones (Fig. 5, middle panel) . The different F-acid compositions in the different 233 tissues of the same species suggest different metabolism and specific functions of 234 F-acids in the tissues. It has been suggested that plants, algae and bacteria via the 235 food chain are the main source of F-acids in animals and fish, especially F-acids 236 having a pentyl side chain (e.g., F2, F5, F6, F8), which the precursor fatty acids are 237 cis-vaccenic acid (18:1n-7) or linoleic acid (18:2n-6). In fish, the origin of F-acids 238 having a propyl side chain (e.g., F4) is less certain, but they may be derived from Experientia, 47, [739] [740] [741] [742] [743] Glass, R. L., Krick, T. P., & Eckhardt, A. E. (1974) , New series of fatty acids in northern 285 pike (Esox lucius). Lipids, 9(12) , 1004-1008. , 697, 453-459. 322 Wakimoto, T., Kondo, H., Nii, H., Kimura, K., Egami, Y., Oka, Y., Yoshida, M., Kida, E., 323 Ye, Y., Akahoshi, S., Asakawa, T., Matsumura, K., Ishida, H., Nukaya, H., Tsuji, K., . 2 ) and the peak (3.5 min) of the extracted ion chromatograms. 24 The double bond and hydroxyl group positions in the alkyl side chain were tentatively 25 2 identified based on literature data (Ishii et al., 1998; Spiteller, 2005; Boselli et al., 2000; 26 Pacetti et al., 2010) . HPLC and MS conditions are the same as those in Fig. 2 . 
